Abstract: According to the energy variation of the mechanical transmission in the process of circuit breaker operation which is characterized by acoustic and vibration signals, a new method of high Voltage circuit breaker mechanical fault diagnosis was proposed in this paper.
Introduction
Circuit breaker is important for control and protection in power system. With the development of smart grid construction, the demand on the reliability of the circuit breaker is getting higher and higher. Main working reliability of the circuit breaker is determined by its mechanical properties. According to the statistics, malignant accidents caused by mechanical failure such as refusing action, error action and delay switch-off account for more than 80% of total accident, which resulted from the operating mechanism failure account for 64.8%. Therefore, the current circuit breaker fault diagnosis research mainly revolves around operator mechanical failure. Extract the vibration signal energy entropy is often adopted in mechanical fault diagnosis of circuit breaker as an input vector to identification methods such as expert system and artificial neural network. Both of wavelet analysis and Empirical Mode Decomposition (EMD) can realize the feature analysis of vibration signal [1, 2, 3] . Wavelet analysis method is simple and easy to implement, but can't decompose the signal adaptively, and the optimal selection of wavelet basis is complicated. EMD plays the role of the bridge for the meaningful Hilbert transform of non-stationary signal, but it will produce the negative frequency which cannot be explained. In addition, the expert system needs a large number of accumulation of experience, different rules has a great influence on the final result. For Neural network, accuracy of fault identification is directly related to the number of training sample. However, opening and closing operation of the circuit breaker rarely leads to the lack of samples which affected the accuracy of fault identification in different extent.
Vibration and acoustic joint diagnosis become an emerging research direction of high voltage circuit breaker mechanical failure. In view of the vibration and acoustic signals have the characteristics of nonlinear and non-stationary, reasonable selection of signal characteristics and fusion algorithm is the key to fault diagnosis. Local Mean Decomposition (LMD) compared to EMD is improved for instanta-neous frequency and envelope method, especially for differentiation degrees of processing effect in high frequency signal is higher than the EMD, and it can reflect the characteristics of the fault more clearly. Approximate entropy [4] is a measurement method of the statistical time sequence complexity based on marginal probability distribution. It doesn't require long length data, and has a strong antinoise ability which can be used as the characteristics of sound and vibration signal. Alex recently put forward a kind of spatial clustering algorithm based on density peak on SCIENCE [5] whose depiction of core idea is the clustering center. Initial clustering center of KFCM is optimized by the peak density clustering algorithm to use for control circuit fault of circuit breaker whose sample characteristics is approximate [6] . It can effectively reduce the clustering iterations, improve the clustering accuracy. Compared with neural network, the advantage of Support vector machine (SVM) [7, 8, 9 ] is that only a small amount of learning samples can obtain better classification results. It is suitable for small sample situation in circuit breaker fault diagnosis operation.
2 Characteristic extraction of the acoustic and vibration signal 2.1 Time-scale counterpoint Because of different artificial control speed and propagation speed in each collection when signal was acquired by vibration sensor and acoustic sensor, the time of signal collected before and after will have certain difference. As shown in Fig. 1 .
Minkowski formula is used in envelope signal of acoustic and vibration. Such as type (1) . According to p root of the sum of p power of the absolute difference between two variables to judge the similarity and find the similarity of the highest moment. Through dislocation for the acoustic signal, the acoustic signal benchmark starting point can be obtained by the revision. Therefore, the time-scale of the vibration and acoustic signal can be counterpointed accurately.
Where x and y are N-dimensional samples, p is distance adjustment parameters. It is represented as Euclidean distance when p is equal to 2. The characterization is the shortest distance between the data. 2.2 Local mean decomposition LMD method is developed on the basis of EMD decomposition. Similar to EMD, both of them are based on the extreme value point to define the local mean value function and the local envelope function. However, smoothing method is adopted by LMD to form local mean value function and local envelope function, it can avoid over envelope and owe envelope phenomenon caused by EMD during the upper and lower envelope is formed in cubic spline function. LMD can isolate pure frequency modulation signal and envelope signal from complex multi-component signal. According to multiplication, the sum of a series of Production Function (PF) whose instantaneous frequency has a physical meaning and a monotonic Function can be obtained:
Circulation to release all PF components can get time-frequency distribution of the original signal.
Approximate entropy
Approximate Entropy (ApEn) uses a negative number to represent the signal sequence complexity and irregularity. The more complexity of the signal, the bigger approximate entropy will have. It can use a short data to estimate Approximate Entropy of the signal. And it has certain anti-interference ability and a good tolerance capacity to the transient signal. It can generalize a relatively short data containing noise to a stable statistic. After signal decomposition of LMD, PF component is shown as a time series in turn from high frequency to low frequency. Therefore, approximate entropy is adopted to quantify the PF component. It can realize the extraction of the useful information with the target of complexity of the PF component. The specific algorithm steps can be found in the literature [10].
3 DPCA-KFCM-SVM circuit fault diagnosis method 3.1 Density peaks clustering algorithm Density Peaks Clustering Algorithm (DPCA) is a spatial Clustering Algorithm based on density. The main goal is to find high density area which is separated by low density area. The core idea is to depict the clustering center.
A sample is set as X ¼ ðx 1 ; x 2 ; . . . ; x n Þ, the local density i of the sample x i is defined as:
c is truncated distance which should be specified in advance, d ij is the Euclidean distance of the sample x i and x j .
The distance i of sample x i is defined as: 
;: nonlinear mapping, X ¼ fx 1 ; x 2 ; . . . ; x n g 2 R p : sample set, U ¼ ½u ik cÂn ð8i; k; u ik 2 ½0; 1; 8k; P c i¼1 u ik ¼ 1; 8i; 0 < P n k¼1 u ik < nÞ: fuzzy classified matrix V ¼ fv 1 ; v 2 ; . . . ; v c g: clustering center vector set of class c, m > 1: Fuzzy weighted
T ;ðyÞ: kernel function.
In the above constraints, the objective function can be optimized as:
3.3 DPCA-KFCM-LIBSVM algorithm KFCM has the problem of random initial clustering center that cannot obtain the global optimal and prone to consistency when the center of clustering is close or overlap. DPCA is introduced in KFCM algorithm in this paper. DPCA and KFCM are organic unified in together, DPCA was used to optimize the initial clustering center and overcome the premature problem of single KFCM algorithm so as to seek a better clustering effect. The algorithm process is: By observing and constructing decision diagram of sample distance relative to the sample density, peak points in decision diagram can be chosen as the initial clustering center. The peak points have both of the high sample density and high distance in decision diagram, and they are obviously far from most of the sample points of the data sets. The maximum optimal individual fitness can be accepted. Iteratively updating and comparing for the location and fitness constantly, until meet the termination conditions. The global optimal individuals can be obtained and defined as the best clustering center. Maximum membership principle is used degree judge the sample fault category, and the optimization process is ended up. On this basis, establish multiple SVM trainers and input the sampling characteristics data to the trainers, the comprehensive evaluation of the final diagnosis results are obtained.
Implementation scheme of vibration and acoustic joint circuit breaker fault diagnosis
In this paper, LMD approximate entropy is used to extract the state characteristics of acoustic and vibration signals. In SVM training phase, the maximum density peak decision of DPCA is used to optimization the initialize clustering center of KFCM. Preliminary classification is used for training data through fuzzy kernel clustering to obtain the least risky optimal hyperplane. In circuit breaker fault identification stage, characteristics of the acoustic and vibration signal test samples are input to SVM. And the grid optimization algorithm is used to obtain the highest classification accuracy for further split and get classification accuracy of each fault. The overall scheme of the circuit breaker fault diagnosis is shown in Fig. 2 .
Vibration and acoustic signals are synchronous acquired in the process of high voltage circuit breaker operation. Signals are denoised and divided into training sample and test sample sets. Time-scale counterpoint is used for each acoustic signal and vibration signal acquired before and after by Minkowski formula to eliminate the time lag. LMD is used in sections to get PF matrix composed of PF component. Approximate entropy of each PF component of the PF matrix is calculated as the state characteristic of the high voltage circuit breaker. Preliminary classification is carried out on the training sample by KFCM based on DPCA optimization to establish the membership degree of mapping between data samples and fault types. And on this basis, Multiple SVM trainer is established. After the test samples are input to trainer, the comprehensive evaluation of the final diagnosis results can be obtained.
Test and result analysis
5.1 The test process ZN-65 vacuum circuit breaker is used as the experiment platform to analog three circuit breaker failure. The fault of Spindle jamming is simulated by the wood is stuck to increase damping as shown in Fig. 3(a) . The loosening of the pedestal is simulated by a corner of the circuit breaker is pad high as shown in Fig. 3(b) . And the refusal of the circuit breaker is simulated by adjust the core gap makes the first quantum cannot be firing from dynamic as shown in Fig. 3(c) . The numbers of the fault categories are recorded as F 1 for normal, F 2 for spindle jamming, F 3 for pedestal looseness, F 4 for the refusal of the circuit breaker.
PXI system is adopted in experiments to complete the acquisition of the circuit breaker fault signal. Sensor is connected to PXI synchronous acquisition card by 50 Ω coaxial cable. IEPE method and anti-aliasing filter are adopted in acquisition card whose signal has 114 db dynamic range. Through the proper grounding and shielding, interference can be reduced to a minimum.
In the experiment, the high fidelity cartridge bullet pin-socket type noise detector is adopted to acquire the acoustic signal acquisition. It is equipped with AGC automatic gain control circuit to enhance the distance sound wave. Its impact range can reach up to 100 square meters, and sensitivity can reach −46 DdB. The frequency ranges from 20 to 20 KHZ. The piezoelectric acceleration sensor is adopted to acquire the vibration signal. It has the characteristics of wide frequency response, high sensitivity, small transverse sensitivity and strong anti-interference ability. The vibration sensor was fixed on the bracket of the circuit breaker by bolts, and high-fidelity pick-up was placed on the equidistant around 20 cm position of the circuit breaker. Break-brake coil current signal was used as a trigger source to collection card. Thirty times break-brake experiments are performed in total, including normal break-brake for 13 times, spindle jamming fault for 6 times, 6 times in the pedestal looseness fault, 5 times in break-brake refusing action.
Signal feature extraction
After the soft threshold denoising processing of the collected acoustic signal, signal waveform of the normal and fault condition are shown in Fig. 4 . LMD was used for signal decomposition, and time-scale counterpoint for the acoustic and vibration signal. Take example for normal signal, the decomposition result is shown in Fig. 5 . Eight PF components and a remaining component were decomposed. From the decomposition result, the first three PF components contain most of the original signal information. At the same time, since multi-component will increase the computational complexity, which will reduce the operation speed and the efficiency of diagnosis. Thus the first three PF components were selected to obtain the approximate entropy. And the approximate entropy was acquired as the feature vector. Part approximate entropy data of the fault type is shown in Table I .
The fault diagnosis result analysis
The training sample set is randomly selected from 70% of the four high voltage circuit breaker fault state sample as normal, spindle jamming, pedestal looseness Fig. 6 . In Fig. 6 , four points of the upper right corner are selected for the initial clustering center. The training sample set is analyzed by KFCM clustering algorithm based on DPCA, and the clustering results are shown in Fig. 7 .
The clustering results are used to train SVM and obtain the SVM classifier. After inputting the test sample sets into SVM, through the grid search to find the optimal parameters of SVM and the highest classification accuracy in CV sense. SVM fault diagnosis results are obtained. In addition, it is compared with FCM-SVM and KFCM-SVM methods for fault classification test. Test results are shown in Table II . It can be seen from Table II that FOA-KFCM-SVM has higher accuracy in the process of brake vibration signal data for fault diagnosis. 1) Time-scale counterpoint can eliminate the time lag of the signal acquired before and after, and fix the sensitivity of DPCA to the sample time. LMD and approximate entropy are used to extract the feature vector, it can solve the problem of over and owe envelope phenomenon of EMD method. 2) DPCA is used to optimize the initial clustering center of KFCM, which can effectively reduce the clustering iterations, shortened the time clustering.
Combine DPCA-KFCM with SVM can greatly solve the problems such as small sample, nonlinear and high dimension of the circuit breaker status identification. It can improve the accuracy of circuit breaker failure diagnosis. 3) This paper only to incorporate acoustic and vibration signal. It can also add other signals in actual application with the method in this paper. For example, closing coil current signal, voltage signal, the oil pressure signal of hydraulic mechanism and so on. Fusion of multiple signal analysis in circuit breaker fault diagnosis is one of the important developing directions of the future research. 4) The operation environment of high voltage circuit breaker is complex. And the fault types are various. This paper simulates only several typical mechanical faults. In the follow-up work, different types of the typical fault data samples need to be collected as much as possible. At the same time, the fault simulation test should be made further research. For the application of actual industrial, it is necessary to continuously improve the function of software and hardware, and strengthen the practical engineering application of existing theoretical research results. 
